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In Brief
Leptin can influence physical activity both
positively and negatively. Fernandes et al.
show that leptin signaling through STAT3
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rewarding effects of running (‘‘runner’s
high’’) without affecting the anorectic
actions of leptin or hedonic feeding.
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The adipose hormone leptin potently influences
physical activity. Leptin can decrease locomotion
and running, yet the mechanisms involved and the
influence of leptin on the rewarding effects of
running (‘‘runner’s high’’) are unknown. Leptin re-
ceptor (LepR) signaling involves activation of signal
transducer and activator of transcription-3 (STAT3),
including in dopamine neurons of the ventral
tegmental area (VTA) that are essential for reward-
relevant behavior. We found that mice lacking
STAT3 in dopamine neurons exhibit greater volun-
tary running, an effect reversed by viral-mediated
STAT3 restoration. STAT3 deletion increased the
rewarding effects of running whereas intra-VTA
leptin blocked it in a STAT3-dependent manner.
Finally, STAT3 loss-of-function reduced mesolimbic
dopamine overflow and function. Findings suggest
that leptin influences the motivational effects of
running via LepR-STAT3 modulation of dopamine
tone. Falling leptin is hypothesized to increase
stamina and the rewarding effects of running as
an adaptive means to enhance the pursuit and pro-
curement of food.
INTRODUCTION
All behavior entails energy expenditure in the form of physical ac-
tivity. Activity that increases the likelihood that a physiological
need will be met is referred to as appetitive, and appetitive be-
haviors are crucial to the fulfillment of energy demands. Food-
directed appetitive behaviors such as foraging and hunting
benefit from increased activity and stamina. The capacity for
endurance running in mammals is considered to have evolved
as ameans to increase the payoff of food-directed behaviors tar-
geting distant or shifting food sources (Bramble and Lieberman,
2004; Carrier, 1984).CellPhysical activity is strongly influenced by metabolic state. The
adiposity hormone leptin controls feeding and energy expendi-
ture, and a fall in leptin is a major component of the physiological
response to fasting (Ahima et al., 1996). Leptin increases locomo-
tor activity and voluntary running during fed states in leptin-defi-
cient humans (Farooqi et al., 1999; Licinio et al., 2004), ob/ob
mice (Morton et al., 2011; Pelleymounter et al., 1995), wild-type
mice (Morton et al., 2011), and rats (Choi et al., 2008; Meek
et al., 2012; Morton et al., 2011), or has no effect on running in
fed wild-type mice (Morton et al., 2011; Pelleymounter et al.,
1995). In contrast, leptin inhibits locomotor activity and voluntary
wheel running when food is limited in ob/ob and lean mice (Mor-
ton et al., 2011) and rats (Exner et al., 2000; Verhagen et al., 2011).
Physical activity escalates with food restriction, and leptin con-
centrations are inversely related to running in humans (Franks
et al., 2003; Hebebrand et al., 2003), rats (Exner et al., 2000;
Hebebrand et al., 2003), wild-type mice (Morton et al., 2011;
Thorburn et al., 2000), and in mice bred for high running capacity
(Girard et al., 2007). Furthermore, leptin levels inversely correlate
withmarathon run-time independent of BMI (Bobbert et al., 2012)
and with run speed and duration in high-running mice (Girard
et al., 2007), suggesting that leptin impacts the motivational
and rewarding effects of running. Indeed, endurance running is
rewarding in humans (‘‘runners high’’) (Morgan, 1985; Partin,
1983; Wagemaker and Goldstein, 1980) and rodents (Belke and
Wagner, 2005; Collier and Hirsch, 1971; Kagan and Berkun,
1954), yet little is known about the neural mechanisms involved.
Leptin modulates multiple components of brain reward cir-
cuitry (Fulton et al., 2000), and LepR signaling in dopamine
(DA) neurons of the ventral tegmental area (VTA) is well-docu-
mented (Domingos et al., 2011; Fulton et al., 2006; Hommel
et al., 2006; Liu et al., 2011). LepR knockdown in the VTA
increases food intake and locomotor activity (Hommel et al.,
2006) and food-motivated behavior (Davis et al., 2011). LepR
signaling includes the activation of signal transducer and acti-
vator of transcription 3 (STAT3) (Banks et al., 2000), which is
observed in DA and GABA neurons of the VTA (Fulton et al.,
2006; Hommel et al., 2006). However, leptin-induced pSTAT3
is found in only a subset of LepR-positive neurons (Scott et al.,
2009), suggesting that LepR-STAT3 signaling may have unique
neurobehavioral actions. Given the implication of ERK signalingMetabolism 22, 741–749, October 6, 2015 ª2015 Elsevier Inc. 741
in the anorectic actions of VTA leptin (Trinko et al., 2011), here we
tested the hypothesis that STAT3 in DA neurons is involved in the
control of physical activity, including voluntary running and the
rewarding effects of running.
RESULTS
Ablation of STAT3 in DA Neurons
STAT3 mice in which loxP sites flank exon 22 of the STAT3 gene
that encodes tyrosine 705 that is essential for STAT3 activation
(Takeda et al., 1998) were bred with mice that express Cre
recombinase under the control of the dopamine transporter
(DAT). STAT3fl/fl;DATCre mice (‘‘STAT3DAT KO’’) had similar wean-
ing weights (Figure 1A, inset). The recombined STAT3 gene was
observed in tissue in which DAT is expressed (Figure S1A) and
was specific to DA neurons (Figure S1B).
STAT3 in DA Neurons Influences Body Weight and
Physical Activity
STAT3DAT KO mice weighed significantly less than controls as of
19 weeks of age (Figure 1A), an effect associated with less fat
mass (Figure 1B). Normalized caloric intake was comparable be-
tween genotypes (Figure 1C), but feed efficiency was decreased
in STAT3DAT KO mice (Figure 1D) to suggest elevated energy
expenditure. Heat dissipation and respiratory exchange were
unchanged (Figures 1E and 1F); thus, we next explored if height-
ened physical activity contributes to greater energy expenditure.
Horizontal movement (Figure 1G) and distance traveled in the
dark cycle (inset)were elevated inSTAT3DAT KOmice.Wenext as-
sessed voluntary wheel running to find that it was substantially
increased in STAT3DAT KO mice (Figure 1H), which ran 11 km/
day as compared to 6 km/day of controls (Figure 1I). Running
was similar between DATCre mice and littermates controls, sug-
gesting that increased running of STAT3DAT KO mice is not attrib-
utable to Cre transgene alone (Figure S2). We next rescued
STAT3 via VTA microinjections of an adeno-associated virus
(‘‘AAV-DIO-STAT3’’; Figure 1J). The STAT3 transgene was ex-
pressed only in DA neurons (Figures S3A andS3B) and increased
STAT3 expression (Figure S3C). AAV-DIO-STAT3 normalized
voluntary running of STAT3DAT KO to that of controls (Figures 1K
and 1L), suggesting that increased running of KO mice is not
due to trophic actions associated with leptin. Finally, in view of
the link between LepR signaling in DA neurons and anxiety (Liu
et al., 2011), we verified anxiety-like behavior. Exploration in the
elevated-plus maze and open field was similar between geno-
types (Figures S4A–S4D). Thus, loss of STAT3 in DA neurons en-
hances spontaneous activity and endurance running in amanner
unrelated to anxiety, results that coincide with observations that
VTA leptin inhibits wheel running in a rat model of anorexia-
induced hyperactivity (Verhagen et al., 2011). Hyperactivity and
motor restlessness is a detrimental clinical feature of anorexia
nervosa that has been tied to hypoleptinemia (Hebebrand et al.,
2003; Holtkamp et al., 2003), and thus these findings have impli-
cations for understanding anorexia-induced hyperactivity.
STAT3 in DA Neurons Does Not Modulate Feeding
Behavior
We next ascertained if STAT3 signaling in DA neurons mediates
the anorectic effects of central leptin. Decreases in food intake742 Cell Metabolism 22, 741–749, October 6, 2015 ª2015 Elsevier Infollowing intra-VTA leptin were not different between control
and STAT3DAT KO mice (Figure 2A). Likewise, reductions in
food intake following ICV injection of leptin were similar (Fig-
ure 2B), suggesting that LepR-STAT3 signaling in DA neurons
has a minimal impact on the anorectic actions of leptin. We
then employed an operant task to determine the role of STAT3
signaling in DA neurons in food-motivated behavior. STAT3DAT
KO mice exhibited significant response impairments as evi-
denced by reduced lever presses (Figure 2C) and increased per-
centage of incorrect responses (Figure 2D). Elevated incorrect
responses could reflect a compulsive phenotype. To address
this possibility, we performed a conditioned suppression test
to evaluate sucrose intake in the context of aversive condition-
ing. Sucrose intake was similarly suppressed across groups
implying that STAT3DAT KO mice are not compulsive eaters
(Figure 2E). As a final approach, we employed a hedonic feeding
test whereby sated mice overeat palatable food (Choi et al.,
2010). Caloric intake increased to a similar extent in both
groups when exposed to the sweetened, high-fat food (dessert)
(Figure 2F).
Leptin Inhibits the Rewarding Effects of Running
through STAT3 in DA Neurons
Endurance running or exercise can promote a lasting sense of
well-being that includes feelings of euphoria and pleasantness
commonly referred to as the runner’s high (Morgan, 1985; Partin,
1983; Wagemaker and Goldstein, 1980). Running also has
rewarding properties in rodents: rats will work to gain access
to a running wheel (Pierce et al., 1986) and spend more time in
a place associated with the aftereffects of wheel running (Lett
et al., 2000). Addictive and compulsive-like behavior directed
at high levels of physical activity are reported in humans (Davis
et al., 1995) and rodents (Werme et al., 1999). Running engages
opioid (Lett et al., 2002; Vargas-Pe´rez et al., 2004), DA (de Castro
and Hill, 1988; Greenwood et al., 2011; Mathes et al., 2010; Var-
gas-Pe´rez et al., 2004) and endocannabinoid (eCB) systems (Du-
breucq et al., 2013). Using a conditioned place preference (CPP)
task (Figure 3A), we found that the rewarding effect of running is
increased in KOmice: STAT3DAT KO mice spend more time in the
paired side of the chamber associated with running (Figures 3B
and 3C). Next, a separate cohort of mice received either intra-
VTA saline or leptin at a dose shown to inhibit feeding (Figure 2A)
prior to CPP testing. STAT3DAT KO mice treated with vehicle
again displayed increased running reward (Figure 3D). VTA leptin
completely suppressed the rewarding effects of running in con-
trols yet was unable to block running reward in STAT3DAT KO
mice (Figure 3E).
Lack of STAT3 Blunts DA Overflow and Mesolimbic
Function and Alters Opioid Markers
The NAc is strongly innervated by VTA DA neurons, and leptin
deficiency reduces NAc DA overflow and TH, the rate-limiting
enzyme for DA biosynthesis (Fulton et al., 2006). We used fast-
scan cyclic voltammetry (Figure 4A), a real-time electrochemical
method, to measure axonal DA overflow in the NAc core sub-
compartment that has been linked to the control of wheel running
(Greenwood et al., 2011; Vargas-Pe´rez et al., 2003). Evoked
DA overflow was significantly diminished in STAT3DAT KO mice
(Figures 4B and 4C). In addition, TH and D1 receptor expressionc.
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Figure 1. STAT3 in DA Neurons Controls Body Weight, Locomotor Activity, and Voluntary Running
(A) Body weights (n = 8/group). Inset: weaning weights (n = 20/group).
(B) Lean and fat mass at 23 weeks of age (n = 7 to 8/group).
(C) Caloric intake normalized to body weight (n = 7 to 8/group).
(D) Feed efficiency (total weight gain/total intake; n = 7 to 8/group).
(E) Heat production as measured by indirect calorimetry (n = 14–16 per group). Dark cycle denoted by horizontal black bar.
(F) Respiratory exchange (VCO2/VO2) (n = 14–16/group).
(G) 24 hr ambulatory activity (n = 9/group) (*p% 0.05; main effect). Inset: dark phase activity.
(H) Voluntary wheel running (n = 6 to 7/group).
(I) Daily running distance (n = 7–12).
(J) Viral strategy used to restore STAT3 selectively in DA neurons of STAT3DAT KO mice.
(K and L) Rescuing STAT3 normalizes the voluntary wheel running of STAT3DAT KO mice to that of controls. n = 6 to 7/group. *p% 0.05; ** p% 0.01; ***p < 0.001.were decreased in the NAc of STAT3DAT KO mice (Figure 4D),
similar to findings in mice bred for high-running capacity (Knab
et al., 2009).We next assessed the locomotor-stimulating effects
of a DA D1 receptor agonist and locomotor sensitization in
response to amphetamine (AMPH). STAT3DAT KO mice displayed
decreased locomotion in response to D1 receptor agonism (Fig-
ures 4E and 4F) and failed to sensitize to AMPH (Figures 4G and
4H). Reduced DA overflow in the NAc is reported in conditions ofCellincreased food reward, including diet-induced obesity (Geiger
et al., 2008) and leptin deficiency (Fulton et al., 2006). Similarly,
blunted responses to AMPH and compromised striatal DA
signaling are tied to enhanced reward seeking in humans (Casey
et al., 2014; Stice et al., 2008). As a final mesure, we measured
the expression of several opioid and eCB markers in the VTA
and NAc. STAT3DAT KO mice exhibited a near-significant in-
crease in delta opioid receptor (DOR) mRNA levels in the NAcMetabolism 22, 741–749, October 6, 2015 ª2015 Elsevier Inc. 743
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Figure 2. STAT3 in DA Neurons Fails to
Modulate the Anorectic Effects of Leptin
and Compulsive and Hedonic Feeding
(A) Food intake of control and STAT3DAT KO mice
receiving an intra-VTA injection of leptin (200 ng) or
vehicle (n = 7–11/group).
(B) Food intake following ICV injection of leptin
(1 mg) or vehicle (n = 4/group).
(C) Lever press responses in a fixed-ratio (FR)-1
operant task (n = 9/group; main effect of geno-
type).
(D) Correct/incorrect responses by day 8 of testing
(n = 9/group).
(E) Suppression of sucrose intake in a conditioned
suppression test of compulsive eating (n = 7/group).
(F) Intake of sweetened, high-fat ‘‘dessert’’ (n = 7/
group). *p% 0.05; ** p % 0.01; ***p < 0.001.(Figure 4I). Higher DOR levels could amplify opioid signaling to
increase running reward. Consistent with increased opioid tone
during the runner’s high, elevated dynorphin mRNA levels in
the NAc core have been observed in a high-running rat strain
(Werme et al., 1999), a trend observed for pre-prodynorphin
mRNA in STAT3DAT KO mice (Figure 4I). In contrast, pre-prody-
norphin mRNA was attenuated in the VTA of STAT3DAT KO mice
(Figure 4J). While eCBs themselves were not measured, no
changes were found in any eCB-related molecules.
DISCUSSION
The present study reveals leptin as an important signal control-
ling the rewarding impact of running and identifies a key role
for STAT3 signaling in DA neurons in this process. STAT3 dele-
tion led to substantial increases in spontaneous activity and
endurance running, whereas targeted viral-mediated restoration
of STAT3 reversed this effect. STAT3 loss-of-function had little
influence on the anorectic actions of leptin, hedonic, or compul-
sive feeding behavior, results that highlight the specific involve-
ment of STAT3 signaling in DA neurons in the control of physical
activity. By tying behavioral changes to decreases in DA over-744 Cell Metabolism 22, 741–749, October 6, 2015 ª2015 Elsevier Inc.flow and reduced mesolimbic function,
the results underscore STAT3 as an
important regulator of mesolimbic DA
tone, physical activity, and the motiva-
tional effects of running.
Few studies have investigated the
mechanisms underlying the effects of lep-
tin on physical activity. The hypoactivity of
obese, LepR-deficient mice is corrected
by restoration of LepR to the mediobasal
hypothalamus (Coppari et al., 2005) or
proopiomelanocortin neurons (Huo et al.,
2009), underscoring the role of the hypo-
thalamus in the actions of leptin to stimu-
late locomotor behavior. However, leptin
suppression of physical activity when
food is limited suggests the presence of
distinct neural mechanisms. We specu-
late that in conditions of restricted foodavailability themesolimbic DA system engagesmotivational pro-
cesses concerned with obtaining food and more readily re-
sponds to leptin to decrease appetitive physical activity. On the
other hand, during fed states, the actions of leptin may be biased
toward hypothalamic processes that could increase physical ac-
tivity as a means to maintain energy homeostasis. Our results
point to reduced LepR-STAT3 signaling in midbrain DA neurons
asan importantmechanismmediating increasedphysical activity
by food restriction and falling leptin levels. Considerationmust be
given to the fact that signals other than leptin activate STAT3, and
thus we cannot rule out that the behavioral and biochemical ef-
fects observed could be independent of leptin. Our findings
that VTA leptin decreases the rewarding effects of running in a
STAT3-dependent manner suggest that leptin is involved; how-
ever, the concentrations of leptin administeredmaynot represent
physiological levels found in the VTA. In spite of this, a previous
study noted that phosphorylation of STAT3 at Tyr705 was not
evident in the VTA of LepR-deficient mice (Fulton et al., 2006) to
suggest that other signals (e.g., interleukin-6) are not activating
STAT3 in DA neurons in basal conditions.
While heightened physical activity during food restriction
seems paradoxical to the maintenance of energy reserves, it is
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Figure 3. Intra-VTA Leptin Blocks the Rewarding Effects of Running in a STAT3-Dependent Manner
(A) CPP task. Alternating conditioning trials (paired one day, unpaired next) lasted 14 days.
(B) All mice showed significant preference for the ‘‘paired’’ side of the chamber associated with running (n = 12–16/group).
(C) Preference for the paired side of the chamber is enhanced in STAT3DAT KO mice.
(D) In a separate cohort, running CPP was assessed after intra-VTA injection of vehicle (n = 8 to 9/group). As in (B), STAT3DAT KO mice show increased
running CPP.
(E) Intra-VTA leptin (200 ng, 500 ml/side) blocked the rewarding effects of running in control but not in STAT3DAT KOmice (n = 10 to 11/group).*p% 0.05; ** p% 0.01;
***p < 0.001.considered an expression of increased food acquisition behav-
iors (Bartness et al., 2011; Overton and Williams, 2004). The ca-
pacity for endurance running in cursorial mammals is considered
to enable food attainment when it is distant or requires pursuit
(examples of distance hunters in Carrier, 1984). Correspond-Cellingly, the runner’s high may have evolved to encourage stamina
and thereby increase the probability of return on this energetic
investment. The motivational effects of physical activity would
presumably rise during conditions when food is scarce or costly
to promote hunting, scavenging, or food hoarding, and decreaseMetabolism 22, 741–749, October 6, 2015 ª2015 Elsevier Inc. 745
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Figure 4. Lack of STAT3 in DA Neurons De-
creases Nucleus Accumbens DA Overflow,
Blunts Mesolimbic DA Function, and Alters
DA and Opioid Markers
(A) Slice preparation for cyclic voltammetry.
(B) Current-time plot showing subsecond stimu-
lation-evoked DA release and reuptake. Oxidation
current peaks for DA were obtained at potentials
of 300 to 500 mV (versus Ag/AgCl) corre-
sponding to 3.5–4.5 ms in the voltage waveform.
(C) NAc DA overflow (mean of peak values from
current-time plots) (n = 6; 3/group).
(D) DA-related protein expression in the NAc
(n = 5–10/group). Normalized to GAPDH.
(E and F) Locomotor activity in response to a D1
receptor agonist (0.1 mg/kg) (n = 6 to 7/group;
main effect in [E]).
(G and H) AMPH locomotor sensitization.
(I and J) (I) mRNA expression of opioid and eCB
markers in theNAcand (J)VTA.ABHD6: alpha-beta-
domain-hydrolase 6; bendo: beta-endorphin; CB1:
cannabinoid receptor-1; DOR: delta-opioid recep-
tor; FAAH: fatty acid amide hydrolase;KOR: kappa-
opioid receptor; MAGL: monoacylglycerol lipase;
MOR:muopioid receptor;PPdyn: pre-prodynophin;
pre-proenkephalin (n = 8/group). *p% 0.05.as a function of food availability and increasing leptin. Interest-
ingly, food hoarding increases with food restriction (Cabanac
and Swiergiel, 1989), is attenuated by leptin (Buckley and
Schneider, 2003; Keen-Rhinehart and Bartness, 2008), and
was surmised to underlie a reward circuit inhibited by leptin
(Fulton et al., 2000).
In conditions where food is abundant and easy to access, the
runner’s high could prove beneficial for encouraging physical ac-
tivity. It is compelling that chronic, but not acute, exercise lowers746 Cell Metabolism 22, 741–749, October 6, 2015 ª2015 Elsevier Inc.leptin levels in men (Pe´russe et al., 1997),
and so endurance training could be
intrinsically rewarding by moderating
LepR-STAT3 signaling in DA neurons.
The rewarding properties of physical
activity can foster excessive exercise
and compulsive behavior characteristic
of addiction in some individuals. Intrigu-
ingly, a recent report shows that exercise
addiction in men is associated with low,
fat-adjusted leptin levels (Lichtenstein
et al., 2014). It remains to be elucidated
if genetic or physiological factors could
contribute to a larger drop in leptin or
enhanced LepR sensitivity in response
to food restriction or exercise during
normal or pathological (e.g., anorexia)
states that would increase the propensity
for physical activity.
In view of its well-established role in
motivation, the contribution of DA in the
control of running reward is not surpris-
ing. It is unclear how STAT3 signaling
modulates DA tone; however, the DATpromoter contains a STAT3 binding sequence that may be perti-
nent. Previous investigations implicate opioids in the runner’s
high (Boecker et al., 2008) and VTA eCB signaling that modulate
DA release in running performance of mice (Dubreucq et al.,
2013). DA, opioid, and eCB systems converge in basal ganglia
circuitry, and several studies highlight their interaction in the con-
trol of drug and food reward (Fulton, 2010). The present study
provides some evidence of DA-opioid interactions in the NAc
that may contribute to heightened running reward. Undoubtedly,
considerable additional work is needed to parcel out the precise
contribution of DA, opioid and eCB signals and the manner by
which they interact to impact physical activity and its rewarding
effects.
EXPERIMENTAL PROCEDURES
Animals
Mice in which loxP sites flank exon 22 of the STAT3 gene that encodes a tyro-
sine residue (tyr705) essential for STAT3 activation were graciously provided
by Dr. Shizuo Akira. The truncated STAT3 product does not act as a dominant
negative for STAT5 (Takeda et al., 1998). Female mice homozygous for the
floxed STAT3 allele were crossed with male mice heterozygous for the floxed
STAT3 allele and heterozygous for the DAT::Cre transgene (Ba¨ckman et al.,
2006). Experiments were carried out in mice 10–14 weeks of age, with the
exception of long-term free-feeding, body weight, and wheel running studies
that continued beyond this period.
Metabolic Assessments
Intake and body weight were measured three times per week. Lean and fat
mass were determined at 23 weeks of age using an Echo MRI. Feed efficiency
was calculated by dividing total body weight gain by total food intake (over 16-
week period). A Comprehensive Lab Animal Monitoring System ([CLAMS]; Co-
lumbus Instruments) was used to measure O2 consumption, CO2 output, and
heat production. Locomotor activity was measured in separate cages (Accus-
can Instruments Inc.).
Voluntary Wheel Running
Voluntary wheel running was assessed in a separate cohort of mice that were
individually housed in larger cages with continuous access to a low-profile,
wireless running wheel (Med Associates, Inc.).
Viral-Mediated STAT3 Restoration
TheDIO vector consists of an IRES bicistronic sequence coding for STAT3 and
mCherry in the antisense orientation of the human synapsin promoter and
flanked by loxP and lox2722 sequences (Virovek, Inc.) (Figure 1J). The func-
tional vector (4.9 kb) was packaged in AAV9 and confers Cre-dependent
expression (Figure S3). With bregma and lamba in the same horizontal plane,
AAV-DIO-STAT3 (2.53 109 GC/500 nl per side) was injected using a Hamilton
neurosyringe into bilateral VTA (AP,3.4mm;ML, ± 0.4 mm; DV,4.9 mm) via
a mouse stereotaxic (Kopf). 5 days after the surgery, mice had free access to a
running wheel.
Intra-Cerebral Cannulations, Feeding, Operant Responding, and
Compulsive and Hedonic Feeding
See Supplemental Experimental Procedures.
Running Reward
Singly housedmice (11–14weeks of age) had free access to runningwheels for
3 weeks and were then subjected to a CPP task using an automated mouse
CPP (Figure 3A; Med Associates Inc.).
Pre-Test
Mice were confined to each compartment for 5 min and then allowed to move
freely in the apparatus for 15 min.
Conditioning Trials
Mice had 2 hr access either to a running wheel (paired trial) or a locked running
wheel (unpaired trail) and were then confined to one of the compartments for
30 min. Paired and unpaired conditioning trials took place in opposite com-
partments (counterbalanced across mice) on alternating days (Figure 3A).
Post-Test
Following the last day of conditioning (Day 14), mice were placed back in the
open CPP apparatus for 15 min. Intra-VTA injection were performed 1 hr prior.
Fast-Scan Cyclic Voltammetry
Fast-scan cyclic voltammetry was used to measure evoked DA overflow ac-
cording to published procedures (Fulton et al., 2011). Briefly, DA release in
the NAc core (+0.90 to +1.30 mm from Bregma) was electrically evoked atCell5 min intervals by a single 400 mA, 1.2 ms, rectangular pulse. Electrode poten-
tial was linearly scanned from 0.4 to +1.2 V and back to 0.4 V versus Ag/
AgCl using a 400 V/s scan rate. One recording and stimulation site was tested
per slice. DA overflowwas evoked five to eight times per slice. Themean value
of the last three recordings was used for comparisons. The sample size is indi-
cated as n = (x;y), x referring to the number of slices and y the number of mice.
D1R Agonist, AMPH Sensitization, Immunoblotting, and
Real-Time PCR
See Supplemental Experimental Procedures
Statistical Analyses
Data were analyzed using GraphPad v5 and are presented as mean ± SEM.
Two-way ANOVAs with Bonferonni post hoc tests were used to analyze body
weight, food intake, energy expenditure, spontaneous locomotor activity, wheel
running, and operant responding. t tests were used for comparisons of body
composition, feedefficiency, dark cycle locomotoractivity, food intake following
leptin injection, daily running distance, compulsive feeding, hedonic feeding,
running reward, electrochemistry, immunoblotting, and qPCR experiments.
SUPPLEMENTAL INFORMATION
Supplemental Information includes four figures and Supplemental Experi-
mental Procedures and can be found with this article online at http://dx.doi.
org/10.1016/j.cmet.2015.08.003.
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